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Vertical profiles of black carbon (BC) play a critical role in BC-meteorology interaction 19 
which influences PM2.5 (particulate matter with a diameter of 2.5 μm or less) 20 
concentrations. In this study, we used the Weather Research and Forecasting with 21 
Chemistry model (WRF-Chem) coupled with an improved integrated process (IPR) 22 
analysis scheme to investigate the direct radiative effect (DRE) of BC with different 23 
vertical profiles on meteorology and PM2.5 concentrations in Beijing during two severe 24 
haze events (11-12 December 2016 and 16-19 December 2016). The vertical profiles 25 
of BC in Beijing collected by King-Air350 aircraft can be classified into two types:  26 
the first type was characterized by decreases in BC concentration with altitude, which 27 
was the case mainly controlled by local emissions; the second type had maximum BC 28 
concentration around 900 hPa, which was mainly affected by regional transport from 29 
the polluted south/southwest region. Compared with measurements in Beijing, the 30 
model overestimated BC concentrations by 87.4 % at the surface and underestimated 31 
BC mass by 14.9 % at altitudes of 300-900 m altitude as averaged over the two pollution 32 
events. The BC DRE with the default vertical profiles from the model heated the air 33 
around 300 m altitude but the warming would be stronger when BC vertical profiles 34 
were modified for each day using observed data during the two severe haze events. 35 
Accordingly, compared to the simulation with the default vertical profiles of BC, 36 
planetary boundary layer heights (PBLH) were reduced further by 24.7 m (6.7%) and 37 
6.4 m (3.8%) in Beijing and simulated PM2.5 concentrations were higher by 9.3 μg m-3 38 
(4.1%) and 5.5 μg m-3 (3.0%) over central Beijing in the first and second haze events, 39 
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respectively, with modified vertical profiles. Furthermore, we quantified by sensitivity 40 
experiments the roles of BC vertical profiles with six exponential decline functions 41 
(C(h)=C0×e-h/hs and hs=0.35, 0.48, 0.53, 0.79, 0.82 and 0.96) parameterized on the basis 42 
of the observations and the vertical profile dominated by regional transport. A larger hs 43 
leads to a sharper decline of BC concentrations with altitude (less BC at the surface and 44 
more BC in the upper atmosphere), resulting in a stronger cooling at the surface (+0.21 45 
with hs of 0.35 vs. -0.13 ℃ with hs of 0.96) and hence larger reductions in PBLH (larger 46 
BC-induced increases in PM2.5). Relative to the simulation without BC DRE, the mean 47 
PM2.5 concentrations were increased by 5.5 μg m-3 (3.4%) and 7.9 μg m-3 (4.9%) with 48 
BC DRE when hs values were 0.35 and 0.96, respectively. Our results indicate that it is 49 
very important to have accurate vertical profiles of BC in simulations of meteorology 50 
and PM2.5 concentrations during haze events. 51 
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1. Introduction 53 
With the rapid economic development and large increases in fossil energy 54 
consumption, haze pollution has become one of the most serious challenges in China, 55 
especially in the Beijing-Tianjin-Hebei (BTH) region (Wang et al., 2015; Zhang et al., 56 
2019). In 2014 and 2015, the numbers of extremely serious PM2.5 (particulate matter 57 
with an aerodynamic equivalent diameter of 2.5 μm or less) pollution days (with daily 58 
mean PM2.5 > 150 μg m-3) in Beijing reached 45 and 54, respectively (He et al., 2017). 59 
The real-time hourly average concentration of PM2.5 in Beijing even reached 1000 μg 60 
m-3 during the severe haze events in January 2013, far exceeding the Chinese Ambient 61 
Air Quality Grade Ⅰ Standards (35 μg m-3 for daily mean PM2.5) (Liu et al., 2017). With 62 
the implementation of the toughest-ever clean air policy since 2013, the observed 63 
annual mean PM2.5 concentrations averaged over 74 cities in China fell from 61.8 μg 64 
m-3 in 2013 to 42.0 μg m-3 in 2017 (Zhang et al., 2016; Wang et al., 2017a; Li et al., 65 
2019; Zhang et al., 2019). However, severe haze events still occurred in Beijing during 66 
the COVID-19 lockdown period (January-February 2020) (Huang et al., 2020; Zhu et 67 
al., 2020). Therefore, understanding the mechanisms responsible for the occurrence of 68 
severe haze is important for air quality management planning. 69 
BC, an important component of PM2.5, is emitted mainly from the incomplete 70 
combustion of fossil fuel, biofuel, and biomass burning. BC particles can strongly 71 
absorb solar radiation in the atmosphere, which alters the Earth’s radiation balance 72 
(Bond et al., 2013; Huang et al., 2015; Hu et al., 2020). In recent years, researchers 73 
have found that the radiative effect of BC significantly affects the structure of planetary 74 
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boundary layer (PBL) during severe haze pollution events (Ding et al., 2016; Huang et 75 
al., 2018; Wang et al., 2018; Liu et al., 2019). Ding et al. (2016) illustrated by using the 76 
Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) that 77 
BC suppressed the development of PBL by heating the air in the upper PBL and 78 
reducing the solar radiation at the surface in Beijing in December 2013. This process 79 
was defined as the “dome effect” of BC by Ding et al. (2016). This “dome effect” was 80 
also found over the Indian Ocean (Wilcox et al., 2016). BC can also change the land-81 
sea thermal contrast and induce circulation anomalies during severe haze events (Gao 82 
et al., 2016b; Qiu et al., 2017; Ding et al., 2019a; Chen et al., 2021). Ding et al. (2019a) 83 
showed by using the WRF-Chem model that, during a haze event in December 2013, 84 
the direct radiative effect (DRE) of BC enhanced advection between land and sea by 85 
causing a cooling (-1.0 ℃) in air temperature over land and a warming (+0.8 ℃) in air 86 
temperature over sea, which transported moist air from the sea to the Yangtze River 87 
Delta region. Qiu et al. (2017) and Chen et al. (2021) also reported by using the WRF-88 
Chem model that the radiative effect of BC induced strong anomalous northeasterly 89 
winds from the sea during a haze event in North China Plain (NCP) in February 2014. 90 
BC can influence concentrations of PM2.5 during haze events because of its impact 91 
on PBL and other meteorological fields (Gao et al., 2016b; Wilcox et al., 2016; Miao et 92 
al., 2017; Qiu et al., 2017; Gao et al., 2018; Wang et al., 2019; Chen et al., 2021). Gao 93 
et al. (2016b) used the WRF-Chem model to simulate the haze event that occurred in 94 
the NCP in January 2010 and found a maximum increase in PM2.5 of 14.4 μg m-3 (5.1%) 95 
due to the DRE of BC. Qiu et al. (2017) also analyzed the impact of BC on surface-96 
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layer PM2.5 during a haze pollution in NCP in February of 2014 by using the WRF-97 
Chem model and found that the average PM2.5 concentration increased by 2.1 μg m-3 98 
(1.0%) owing to the DRE of BC. Chen et al. (2021) analyzed, by using the WRF-Chem 99 
model, the DRE from the aging of BC and its impact on PM2.5 concentration over the 100 
BTH region during a haze event in February 2014. They found that the near-surface 101 
PM2.5 concentration average over BTH increased by 9.6 μg m-3 (7.0%) due to the aging 102 
of BC. 103 
So far few studies examined the impacts of vertical distributions of BC aerosol on 104 
meteorology and PM2.5 concentrations. Wang et al. (2018) examined the role of BC at 105 
different altitudes in influencing PBL height (PBLH) by considering a single column 106 
using the WRF-Chem version 3.6.1. They divided the height from 150 to 2250 m evenly 107 
into 7 layers and increased BC concentrations from 0 to 30 μg m-3 with an increment of 108 
2 μg m-3 at one of the layers with the BC concentrations at the other layers fixed to 0 109 
μg m-3. Model results showed that the near-surface BC could increase PBLH by 0% - 110 
4%, while BC aloft would decrease PBLH by 2% - 16% due to the warming of 111 
atmosphere by BC. Current chemistry-climate models were reported not to be able to 112 
represent the BC vertical profiles accurately, so sensitivity studies were carried out to 113 
adjust vertical profiles of BC in the model by changing the vertical resolution, aerosol 114 
microphysical scheme and emission height (Wang et al., 2019; Yang et al., 2019; 115 
Watson-Parris et al., 2019). 116 
In recent years, measurements of BC vertical distribution have been conducted by 117 
aircraft during the severe haze events in Beijing, using a single particle soot photometer 118 
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(SP2) (Zhao et al., 2018; Tian et al., 2019; Zhao et al., 2019; Tian et al., 2020; Liu et 119 
al., 2020). During the period of severe pollution from 11 to 19 December 2016, Zhao 120 
et al. (2019) collected BC vertical profiles over Beijing by Air350 aircraft and found 121 
that the vertical profiles can be classified into two types. The first type was 122 
characterized by decreases in BC concentration with altitude, which was the case 123 
mainly controlled by local emissions. The second type had maximum BC concentration 124 
around 900 hPa, which was mainly affected by regional transport from the polluted 125 
south/southwest region. Generally, the first type occurred more frequently than the 126 
second type during haze events in Beijing. Observations of vertical profiles of BC in 127 
severe haze events over Beijing in 2018 by a King-Air350 aircraft by Ding et al. (2019b) 128 
also obtained the same types of profiles.  129 
In this work, we use the BC vertical profiles observed during two severe haze 130 
events (11-12 December 2016 and 16-19 December 2016) over Beijing and the online-131 
coupled WRF-Chem model to investigate the DRE of BC vertical profiles on 132 
meteorology and PM2.5 concentrations. Compared with previous studies that examined 133 
the impact of BC on meteorology and PM2.5, our study is the first to pay attention to the 134 
role of BC vertical profile as well as the underlying mechanism. The description of the 135 
model, observational datasets and numerical experiments are presented in Section 2. 136 
Section 3 evaluates simulated meteorological and chemical variables by comparing 137 
with observations. Section 4 compares of the DRE of BC with original and modified 138 
vertical profiles, and Section 5 discusses the role of BC vertical profiles in influencing 139 
meteorological parameters and PM2.5 concentrations. The conclusions of this study are 140 
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given in Section 6. 141 
 142 
2. Method 143 
2.1 Model configuration 144 
A fully coupled online Weather Research and Forecasting with Chemistry model 145 
(WRF-Chem version 3.7.1) (Grell et al., 2005; Skamarock et al., 2008) was employed 146 
to simulate the two severe haze events in Beijing from 7 to 20 December 2016 and the 147 
initial 4 days are spin-up. This model adopts Lambert projection and two nested 148 
domains with grid resolutions of 30 km (domain 01) and 10 km (domain 02). Figure 1 149 
shows that the outer domain covers the most of China with 100 (west-east) × 100 150 
(south-north) grid cells and the second domain covers the BTH region with 58 (west-151 
east) × 76 (south-north) grid cells. The number of vertical layers is 29 with the first 15 152 
layers below 2 km for finer resolution in the PBL. Meteorological initial and boundary 153 
conditions in this model were derived from global reanalysis data (1º×1º) of NCEP 154 
(National Center for Environmental Prediction). MOZART-4 (Model for Ozone And 155 
Related chemical Tracers-4) simulation results provided the initial and lateral boundary 156 
conditions for the concentrations of chemical species in our model (Emmons et al., 157 
2010).  158 
Anthropogenic emission data in year 2016 were obtained from the MEIC inventory 159 
with a spatial resolution of 0.25º × 0.25º (Zheng et al., 2018). This inventory includes 160 
sulfur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), non-methane 161 
volatile organic compounds (NMVOC), ammonia (NH3), BC, organic carbon (OC), 162 
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PM2.5, PM10 and carbon dioxide (CO2), which were categorized into agriculture, 163 
industry, residence, transport and power generation sectors (Li et al., 2015). The 164 
biogenic emissions were calculated online using the MEGAN (Model of Emissions of 165 
Gases and Aerosol from Nature), including isoprene, terpene and other substances 166 
emitted by plants (Guenther et al., 2006). Biomass burning emissions were taken from 167 
the Fire Inventory from NCAR (FINN) datasets (Wiedinmyer et al., 2011).  168 
The parameterization schemes of physical and chemical processes of WRF/Chem 169 
model adopted in the study are summarized in Table 1. The Carbon-Bond Mechanism 170 
version Z (CBMZ) is chosen to simulate the gas-phase chemistry. The aerosols scheme 171 
is the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) which 172 
includes sulfate, nitrate, ammonium, chloride, sodium, BC, OC and other inorganic 173 
aerosol, and the aerosol particles are divided into 8 particle size segments. However, 174 
the formation of secondary organic aerosol is not considered in this scheme (Zhang et 175 
al., 2012; Gao et al., 2016a). In MOSAIC, the aerosol particles are assumed to be 176 
internal mixture and aerosol optical properties are calculated by the volume averaging 177 
mixing method (Barnard et al., 2010; Stelson 1990). The choice for photolysis schemes 178 
is Fast-J photolysis scheme. 179 
2.2 Integrated process rate (IPR) analysis 180 
The IPR analysis has been widely applied to illustrate the impacts of each 181 
physical/chemical process on the variations in O3 concentrations (Zhang and Rao, 1999; 182 
Jiang et al., 2012; Gao et al., 2017; Gao et al., 2018). The improved IPR analysis method 183 
developed by Chen et al. (2019) in WRF-Chem model is used in this work to 184 
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quantitatively analyze the contributions of physical/chemical processes to PM2.5 185 
concentrations, including the contributions from the sub-grid convection (CONV), 186 
vertical mixing (VMIX), chemistry (CHEM), regional transport (TRA), wet scavenging 187 
(WET), emission source (EMI) and other processes (OTHER). CONV refers to the 188 
transport within the sub-grid wet convective updrafts (Chen et al., 2019) and VMIX is 189 
affected by atmospheric turbulence and vertical distribution of PM2.5 concentrations 190 
(Zhang and Rao, 1999; Gao et al., 2018). CHEM represents PM2.5 production and loss 191 
including gas-phase, cloud and aerosol chemistry. TRA is caused by advection, which 192 
is highly related to wind and horizontal distribution of PM2.5 concentrations (Gao et al., 193 
2018; Chen et al., 2019). WET represents the wet removal processes of aerosols. EMI 194 
is controlled by emission source. OTHER represents the processes other than the above 195 
6 processes in the model. The NET is the sum of all physical and chemical processes, 196 
which matches the variations in PM2.5 concentrations. It is worth noting that each IPR 197 
variable is an accumulated value which is the sum of each time step.  198 
2.3 Observational data 199 
To evaluate the model performance in simulating near-surface meteorological 200 
fields, the observed hourly temperature at 2 m (T2), relative humidity at 2 m (RH2), 201 
wind speed at 10 m (WS10) and wind direction at 10 m (WD10) at Beijing station are 202 
collected from NOAA’s National Climatic Data Center 203 
(http://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly). The 3-hourly planetary boundary 204 
layer (PBL) heights for Beijing were obtained from the Global Data Assimilation 205 
System (GDAS) (http://ready.arl.noaa.gov/READYamet.php). The radiosonde data 206 
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(temperature and relative humidity profiles) in Beijing were obtained from the 207 
University of Wyoming, Department of Atmospheric Science 208 
(http://weather.uwyo.edu/upperair/sounding.html). Hourly concentrations of PM2.5, CO, 209 
NO2, SO2 and O3 at Beijing Station were obtained from the China National 210 
Environmental Monitoring Center (CNEMC, http://www.cnemc.cn/), which were used 211 
to evaluate the model performance in simulating pollutants at the surface. Aerosol 212 
optical depth (AOD) at 550 nm over China retrieved from MODIS (Moderate 213 
Resolution Imaging Spectroradiometer) satellite was used to evaluate the horizontal 214 
distribution of simulated optical properties of aerosols in this study 215 
(https://ladsweb.modaps.eosdis.nasa.gov/). The values of daily aerosol optical depth 216 
(AOD) at 500 nm and 675 nm in Beijing were obtained from the AERONET data set 217 
(https://aeronet.gsfc.nasa.gov/).  218 
The vertical profiles of BC mass concentrations in Beijing were collected by King-219 
Air350 aircraft using SP2 during 11-12 and 16-19 December 2016. The aircraft 220 
departured from Shahe (~20 km to the central Beijing) (Fig. 1) at 12:00-13:00 local 221 
time (LT) and returned during 15:00-16:00 LT, which avoided the possible diurnal 222 
variation of the PBL among flights. Most flights could reach 2.5 km. Zhao et al. (2019) 223 
reported that these vertical profiles of BC could be expressed as an exponential decline 224 
function 𝐶𝐶(ℎ) = 𝐶𝐶0𝑒𝑒
− ℎℎ𝑠𝑠  except 11 December 2016, where C(h) (μg m-3) is BC 225 
concentration at altitude h (km), C0 (μg m-3) is BC concentration at the surface, and 226 
each hs value is calculated for each flight of BC vertical profile using nonlinear 227 
regression (Table S1). Tian et al. (2019) observed a regional transport of pollution in 228 
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Beijing from 10 to 12 December 2016 using SP2 and they found a different vertical 229 
structure of BC from that of Zhao et al. (2019), with the BC concentration at the 230 
altitudes of 400-900 m being 1.5 times higher than the near-surface BC concentration 231 
on 11 December 2016. More detailed information about King-Air350 aircraft dataset 232 
can be found in Zhao et al. (2019), Ding et al. (2019b) and Tian et al. (2019).  233 
2.4 Numerical experiments 234 
To compare the DRE of BC with original and corrected vertical profiles and 235 
quantify the role of BC vertical profiles in influencing meteorological conditions and 236 
air pollutants, we performed the following numerical experiments as summarized in 237 
Table 2. 238 
1. CTRL: The control simulation with the direct and indirect radiative effects of all 239 
aerosols (BC, OC, sulfate, nitrate, ammonium, Na+, Cl- and OIN) included for the time 240 
period of 11-20 December 2016. The vertical profiles of BC were the default ones 241 
simulated by the model. 242 
2. NoBCrad: The same as the CTRL simulation, except that the DRE of BC was turned 243 
off. 244 
3. VerBC_obs: The same as the CTRL simulation, except that the BC vertical profiles 245 
in the model were modified according to the observed ones. The specific method will 246 
be discussed below. 247 
4. VerBC_hs1-6: The same as the CTRL simulation, except that the vertical profiles of 248 
BC in the model were modified according to the exponential decline function 249 
(C(h)=C0×e-h/hs). The values of hs in VerBC_hs1 to VerBC_hs6 were 0.35 to 0.96 (from 250 
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small to large), respectively. 251 
5. VerBC_RT: The same as the VerBC_hs1-6 simulations, except that the BC vertical 252 
profiles in the model were modified according to the observed transport BC vertical 253 
profile on 11 December 2016 which was affected by regional transport. 254 
In the case of NoBCrad, the BC DRE was turned off by setting the BC mass 255 
concentration equal to zero when calculating the optical properties of BC, following the 256 
studies of Qiu et al. (2017) and Chen et al. (2021). In VerBC_obs experiment, we 257 
modified the simulated BC vertical profile online using the observed BC vertical profile 258 
on the corresponding day. Firstly, we interpolated the observed BC concentrations to 259 
the height of each layer in the model as Cobs_int(i). Each layer in the model has a top 260 
height and a bottom height and we selected the middle height of this layer for 261 
interpolation. Secondly, we used Cobs_int(i) to calculate the BC mass column burden in 262 
each layer (Mobs_int(i)) in the model, and Pobs_int(i) is the percentage of BC mass column 263 
burden in each layer to the total BC mass column burden (Fig. S1) calculated by 264 
𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖) = 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖) ∗ (𝐻𝐻𝑜𝑜𝑖𝑖𝑠𝑠_𝑖𝑖𝑜𝑜𝑡𝑡(𝑖𝑖) −𝐻𝐻𝑜𝑜𝑖𝑖𝑠𝑠_𝑜𝑜𝑜𝑜𝑖𝑖(𝑖𝑖))                         (1) 265 




∗ 100%                                       (2) 267 
 268 
In the VerBC_obs simulation, the simulated BC mass column burden was redistributed 269 
to each layer below 2.5 km according to the calculated Pobs_int(i). These procedures 270 
ensure that the modification of BC vertical profile for each day in the model by using 271 
the observed data does not change the total BC mass column burden. Since the aircraft 272 
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measured only BC concentrations below 2.5 km, we modify BC profile up to the 16th 273 
model layer (about 2.5 km in Beijing).  274 
In the experiment of VerBC_hs1, we also used the above method to modify the BC 275 
vertical profile by an exponential decline function which is C(h)=C0×e-h/hs. However, 276 
in cases of VerBC_hs1~6, we modified for the dates of 12 and 16-19 December. On 277 
December 11, BC did not show an exponential decline with height due to the regional 278 
transport. In simulation of VerBC_RT, the method and setting were the same as 279 
VerBC_hs1~6, except that the BC vertical profile in the model was modified according 280 
to the observed one on 11 December 2016. In VerBC_obs, VerBC_hs1~6 and 281 
VerBC_RT cases, the steps of modifying BC vertical profiles were performed only 282 
when the direct radiative forcing of BC was calculated. All other physical and chemical 283 
processes still used the original BC vertical profiles simulated by the model. 284 
3 Model evaluation 285 
3.1 Near-surface air pollutants and BC vertical profiles 286 
Figures 2a-2i show the horizontal distributions of simulated near-surface PM2.5 287 
concentrations at 2 pm LT from 11 to 19 December 2016. In BTH, high PM2.5 288 
concentrations of 138.4 and 90.8 μg m-3 occurred on December 11 and 12, respectively. 289 
The severe pollution on December 11 was caused by regional transport from the 290 
southern heavily polluted area under a prevailing southerly air flow (Tian et al., 2019). 291 
From December 16, PM2.5 started to accumulate in the eastern China and the 292 
concentrations of PM2.5 reached highest value of 153.4 μg m-3 on 18 December 293 
averaged over the BTH region. The daily PM2.5 concentrations (Fig. 2j) in Beijing had 294 
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low values during 13-15 December 2016. The severe pollution during 16-19 December 295 
2016 was mainly affected by local emissions. We are mainly focused on the two heavy 296 
pollution incidents (11-12 and 16-19 December 2016) in the following sections. 297 
Results from the CTRL simulation were compared with the observed hourly 298 
surface concentrations of PM2.5, NO2, O3, CO and SO2 during 11-19 December 2016 in 299 
Beijing in Fig. 3. The observed maximum PM2.5 concentration of 219.5 μg m-3 occurred 300 
on December 18, far exceeding the national air quality standard for daily PM2.5 of 75 301 
μg m-3 (Wang et al., 2017a). The correlation coefficient (R), mean bias (MB), 302 
normalized mean bias (NMB) and mean fraction bias (MFB) are summarized in Table 303 
3. The model can reasonably reproduce the temporal variations of PM2.5, NO2, O3 and 304 
CO; the correlation coefficients between simulated and observed hourly concentrations 305 
are 0.77, 0.78, 0.66 and 0.73, respectively. The correlation coefficient for SO2 is lower 306 
(0.38). Gao et al. (2016b) explained that WRF-Chem model cannot represent well the 307 
SO2 concentration and its change with time due to the uncertainty in SO2 emissions and 308 
missing heterogeneous oxidation. Compared with observations, the model 309 
overestimates the concentrations of PM2.5 and NO2 in Beijing with the MBs and NMBs 310 
of (13.2 μg m-3, 10.0%) and (8.5 ppbv, 21.6%), respectively, and underestimates the 311 
concentrations of O3 (-0.1 ppbv, -1.2%) and CO (-0.1 ppmv, -4.9%). Overall, the model 312 
can capture the two severe pollution events in Beijing during 11-19 December 2016. 313 
Because of the lack of measured BC vertical profiles from 13-15 December 2016 314 
in Beijing, Figure 4 compares only the simulated vertical profiles of BC with 315 
observations for the two polluted events (11-12 and 16-19 December 2016). Observed 316 
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mass concentrations of BC decreased exponentially with altitude in all days except for 317 
December 11 when regional transport of pollution dominated. On December 11, the 318 
observed maximum mass concentration of BC (7.0 μg m-3) occurred at 850 m altitude, 319 
which was much higher than the surface-layer concentration of 4.7 μg m-3. Compared 320 
with the observed vertical profiles of BC, the model can well represent the decreases of 321 
BC mass concentration with height on December 12 and 16-19, but cannot reproduce 322 
the vertical profile on December 11. Averaged over the two pollution events, the 323 
simulated BC mass concentration was overestimated by 87.4% on the ground and 324 
underestimated by 33.1% at altitude of 1000 m compared with the observations in 325 
Beijing. The inaccuracy of the vertical distribution of BC would lead to inaccurate 326 
representation of the interactions between BC and PBL, especially in heavily polluted 327 
events. 328 
3.2 Meteorological parameters 329 
On December 12-16 and 18-19, Beijing was mainly controlled by northerlies and 330 
northwesterlies, which transported clean air mass to Beijing. On December 11 and 17, 331 
southwesterlies brought polluted air to Beijing, as shown in Fig. 2. Nevertheless, the 332 
average wind speed in Beijing was 5.1 m s-1 at 850 hPa on December 17, which was 333 
much smaller than 11.0 m s-1 at 850 hPa on December 11, which explains that Beijing 334 
was less affected by the regional pollution transport on December 17. Figure 5 shows 335 
the hourly simulated and observed T2, RH2, WS10, WD10 and PBLH in Beijing from 336 
11 to 19 December 2016. The statistical metrics are summarized in Table 3. In the two 337 
severe haze events, the observed maximum RH2 in each day exceeded 70.0%, which 338 
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accelerated the formation of secondary aerosols (Sun et al., 2006; Wang et al., 2014). 339 
Compared with the observations, the model can well represent the temporal variation 340 
of T2 and RH2 with correlation coefficients of 0.77 and 0.75, respectively, but slightly 341 
overestimates T2 with a MB of 0.1 ℃ and underestimates RH2 with a MB of 3.4%. For 342 
WS10, observations and simulated results both show low wind speed with the mean 343 
values of 1.5 and 1.4 m s-1 in Beijing during the two periods of haze events. Such 344 
meteorological condition was very beneficial to the accumulation of near-surface 345 
pollution. The WRF-Chem model also captures the high values of WS10 from 14 to 15 346 
December. For wind direction at 10 m, the NMB is -9.0% and the R is 0.45, which 347 
indicates that the model can simulate the change of wind direction during the period of 348 
heavy pollution. For PBL, the observed PBL was 118.7 m during the two severe haze 349 
events, compared to 287.5 m during the clean period. The model can represent the 350 
change of PBLH in Beijing from 11 to 19 December 2016 with R of 0.72. However, the 351 
model overestimates the PBLH by 30.9 m (17.7%) in Beijing averaged over 11-19 352 
December 2016.  353 
The simulated and observed vertical profiles of temperature in Beijing during 11-354 
19 December 2016 are shown in Fig. S2. The observed temperature vertical profiles are 355 
available only at 8:00 and 20:00. During the two severe pollution events, strong 356 
temperature inversions below 1500 m were observed in Beijing, which inhibited 357 
vertical mixing and caused the accumulation of pollutants near the ground. The model 358 
captures these temperature inversions well but overestimates the inversion layer height 359 
on December 11 and underestimates the inversion layer height from 16 to 19 December. 360 
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The inaccuracy of the simulated inversion layer height may be due to the fact that the 361 
model cannot correctly represent the vertical profiles of BC (Fig. 4).  362 
3.3 AOD and AAOD 363 
AOD (AAOD) is the measure of aerosols (absorbing aerosols) distributed within a 364 
column of air from the surface to the top of the atmosphere (Khor et al., 2014). Figure 365 
S3 shows the horizontal spatial distributions of observed and simulated AOD at 550 nm 366 
over the NCP averaged over 11-19 December 2016. The model can well simulate the 367 
horizontal distribution of AOD, with a spatial correlation coefficient of 0.89. However, 368 
the model underestimates AOD over the NCP region. Many previous studies have 369 
shown that MODIS retrieval tends to overestimate AOD over NCP (Li et al., 2016; Qiu 370 
et al., 2017). We also compared the simulated hourly AAOD at 550 nm with AERONET 371 
AAOD in Beijing and Xianghe station in Fig. 6. The correlation coefficient between 372 
simulations and observations is 0.85. Compared with AERONET AAOD, simulated 373 
AAOD values at Beijing and Xianghe are overestimated by 0.02 (33.3%) and 0.02 374 
(39.9%), respectively.  375 
4. A comparison of BC DRE with original and modified vertical 376 
profiles 377 
As shown in Fig. 4, the model does not represent well the vertical distribution of 378 
BC concentrations during the two heavily polluted events, especially on December 11. 379 
So, in this section, we examine the differences in the BC DRE on meteorology and 380 
concentrations of pollutants with the original and modified vertical profiles. 381 
4.1 Direct radiative effect of BC on meteorology 382 
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Figure 7 shows the atmospheric temperature and PBLH simulated from the CTRL 383 
simulation and their changes caused by BC DRE with original profiles (CTRL minus 384 
NoBCrad) and modified profiles (VerBC_obs minus NoBCrad), over Beijing from 11 385 
to 19 December 2016. Light-absorbing BC heated the air at around 300 m on December 386 
11 and 16-19, regardless of the original or modified BC vertical profiles (Fig. 7b and 387 
7c). With the original and modified BC profiles, the maximum warming effects in the 388 
PBL were 0.8 ℃ and 0.9 ℃, respectively, at 14:00 LT on December 18. Although BC 389 
concentration was the highest at the surface, the largest increase in temperature 390 
occurred in the upper layers because of the stronger shortwave absorption efficiency of 391 
BC at higher altitude (Ding et al., 2016; Wang et al., 2018). The warming at around 300 392 
m resulted in a more stable stratification, thereby weakening convective motions (Gao 393 
et al., 2018). The largest reductions in PBLH were 133.8 m (28.0%) at 14:00 LT on 394 
December 12 and 141.2 m (59.0%) at 14:00 LT on December 18 in Beijing with original 395 
and modified BC vertical profiles, respectively. On December 11 when regional 396 
transport of pollution dominated, relative to the simulation with original BC profile, 397 
simulated air temperature with modified profile was lower by about 0.5 ℃ within the 398 
PBL (Fig. 7d), which was caused by the observed maximum mass concentration of BC 399 
around 850 m altitude (Fig. 4a). Correspondingly, the maximum reduction in PBLH of 400 
74.2 m was also simulated on December 11. On December 16-19 when local emissions 401 
dominated, compared the effects of original BC profiles, the air temperatures at around 402 
300 m were all higher with modified BC. The largest difference of +0.1 ℃ was 403 
simulated in the PBL on December 18 (Fig. 7d).  404 
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The spatial distribution of 10-m winds averaged over the two severe haze events is 405 
shown in Fig. S4. When the BC DRE was not considered in NoBCrad simulation, the 406 
overall wind speed in Beijing was weak with a mean value of 3.6 m s-1, which made it 407 
difficult for local emissions to diffuse. The westerlies in the central part of NCP brought 408 
relatively clean air to Beijing. Compared to the baseline of NoBCrad, the BC DRE with 409 
original and modified vertical profiles both enhanced the northerlies north of NCP and 410 
weakened the wind speed in central and southern Beijing. 411 
4.2 Direct radiative effect of BC on PM2.5 concentration 412 
By altering the meteorological conditions, BC exerts feedback onto PM2.5 413 
concentrations. Figure 8 shows the spatial distributions of changes in near-surface 414 
PM2.5 induced by BC DRE with original (CTRL minus NoBCrad, Figs. 8a1-8a2) and 415 
modified (VerBC_obs minus NoBCrad, Figs. 8b1-8b2) vertical profiles, as well as the 416 
differences between VerBC_obs and CTRL (VerBC_obs minus CTRL, Figs. 8c1-8c2) 417 
over Beijing in the two haze events. Because of the differences in BC-induced changes 418 
in air temperature, wind field, and PBLH, changes in near-surface PM2.5 concentrations 419 
in the northern and southern Beijing were different. In the first haze event of 11-12 420 
December, although PBLH was reduced in the northern Beijing due to BC DRE, 421 
enhanced northerlies brought in relatively clean air to northern Beijing, leading to 422 
decreases in near-surface PM2.5 concentrations with maximum values of 12.5 μg m-3 423 
(9.4%) and 10.6 μg m-3 (8.0%) in this region with the original and modified BC vertical 424 
profiles, respectively. Nevertheless, PM2.5 concentrations increased by up to 17.8 μg m-425 
3 (6.6%) and 24.0 μg m-3 (9.3%) in the southern Beijing due to BC effect with original 426 
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and modified vertical profiles, respectively. In the second haze event of 16-19 427 
December, the near-surface PM2.5 concentrations increased in most areas of Beijing 428 
with both vertical profiles. Compared to the simulation with the original profiles, the 429 
modified profiles of BC led to larger increases in PM2.5 concentrations over Beijing, 430 
and the maximum differences in PM2.5 were simulated over central Beijing, which were 431 
9.3 μg m-3 (3.6%) and 5.5 μg m-3 (3.1%) in the first and second haze events, respectively. 432 
To explain the changes in near-surface PM2.5 concentrations in Beijing due to BC 433 
effects, we carried out process analysis for PM2.5 for 12:00-18:00 of each day when the 434 
DRE of BC is the largest (Figs. 8a3, 8b3, and 8c3). From 11 to 19 December 2016, 435 
VMIX had dominant positive contribution to changes in PM2.5 concentration, which 436 
reached the maximum contributions of 32.4 μg m-3 and 33.9 μg m-3 on December 18 437 
with original and modified BC vertical profiles, respectively. The vertical mixing was 438 
strongly restrained by PBLH, therefore, the decreases in PBLH caused accumulation of 439 
PM2.5 in the lower layers. Meanwhile, CHEM contributed 4.8 μg m-3 and 6.1 μg m-3 to 440 
PM2.5 changes because more aerosol precursors restrained in the boundary layer led to 441 
the formation of secondary particles. TRA was the major process that had negative 442 
contribution to the changes in PM2.5, which can be explained by the enhanced 443 
northerlies in the central part of NCP due to BC effects as shown in Fig S4. Relative to 444 
the case with original BC vertical profiles, VMIX and CHEM contributions increased 445 
largely with modified profiles, with increases of 8.6 μg m-3 (6.5%) and 7.7 μg m-3 446 
(26.8%), respectively, as averaged over the two haze events, reflecting the further 447 
decreases in PBLH (Fig. 7d).  448 
https://doi.org/10.5194/acp-2021-611
Preprint. Discussion started: 6 September 2021
c© Author(s) 2021. CC BY 4.0 License.
22 
 
Figure 9 shows the vertical profiles of the contributions of physical/chemical 449 
processes to changes in PM2.5 over Beijing due to BC DRE with original (CTRL minus 450 
NoBCrad; Figs. 9a1 and 9b1) and modified vertical profiles (VerBC_obs minus 451 
NoBCrad; Figs. 9a2 and 9b2) in the two haze events. In the first haze event of 11-12 452 
December when regional transport of pollution dominated, the NET contribution to 453 
PM2.5 was positive below 256 m, because of the positive contribution of VMIX was 454 
larger than the negative contribution of TRA. However, in the upper layers (from 256 455 
to 1555 m), the contributions of VMIX and CHEM became negative with both original 456 
and modified vertical profiles, which can be explained by the decreases in PBLH 457 
inhibiting the transport of low-layer pollutants to the upper layer. Compared to the 458 
original BC vertical profiles, the modified BC vertical profiles increased PM2.5 in the 459 
entire vertical layers below 2080 m, in which the positive contribution between 256-460 
757 m was caused by TRA. These results agree with the observed high concentrations 461 
of BC at altitudes of 600-1500 m on December 11 (Fig. 4a). In the second haze event, 462 
the NET contribution to PM2.5 was positive below 127 m and negative at 127-504 m. 463 
However, the effects of BC on PM2.5 were small above 504 m because BC 464 
concentrations decreased rapidly with altitude.  465 
5. Roles of BC vertical profiles 466 
BC has higher light-absorbing efficiency at higher altitudes (Ding et al., 2016; 467 
Wang et al., 2018). As described in Section 2.3, the observed vertical profiles of BC on 468 
heavily polluted days (12 and 16-19 December) can be parameterized as exponential 469 
decline functions using nonlinear regression (C(h)=C0×e-h/hs) with hs values of 0.35, 470 
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0.48, 0.53, 0.79, 0.82 and 0.96, and the profiles affected by regional transport had high 471 
concentrations of BC at high altitudes. We conducted seven sensitivity experiments 472 
which applied six exponential functions and one observed transport-dominated vertical 473 
profile, as described in Section 2.4, to examine the roles of BC vertical profiles in 474 
influencing meteorological conditions and PM2.5 during severe haze events. In these 475 
sensitivity experiments, we only modify the BC vertical profiles for the dates of 12 and 476 
16-19 December. In the function of C(h)=C0×e-h/hs, a larger hs leads to a sharper decline 477 
of BC concentrations with altitude (less BC at the surface and more BC in the upper 478 
atmosphere), as shown in Fig. 10. 479 
5.1 Impacts of BC vertical profiles on meteorology 480 
Figure 11 shows the simulated changes in atmospheric temperature induced by BC 481 
DRE with exponential functions (VerBC_hs1-6 minus NoBCrad) and with the 482 
transport-dominated vertical profile (VerBC_RT minus NoBCrad). BC had a significant 483 
warming effect at altitudes of 256-421 m from 12:00 to 18:00 (Fig. 7). Generally, with 484 
the value of hs gradually increasing, the BC-induced warming in the afternoon around 485 
300 m became smaller, which can be explained by the highest mass fraction of BC at 486 
the altitudes of 256-421 m to total BC column burden in VerBC_hs1 case (31.7%) and 487 
the lowest percentage in VerBC_hs6 case (21.7%) among the six sensitivity 488 
experiments (Fig. S1). The maximum warming around 300 m was 0.42 ℃ in 489 
VerBC_hs1 case and 0.19 ℃ in VerBC_hs6 case. It should be noted that BC led to a 490 
significant cooling effect at the surface (below 80 m) when hs values were 0.79, 0.82 491 
and 0.96, with the changes in temperature by -0.08, -0.09 and -0.13 ℃, respectively. 492 
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Because more BC mass was assigned into high altitudes (above 1000 m) with higher 493 
hs, less solar radiation could reach the ground (Fig. S5). These results are consistent 494 
with those found in previous modeling and observational studies (Cappa et al., 2012; 495 
Ferrero et al., 2014; Ding et al., 2016; Wang et al., 2018). Meanwhile, in the case of 496 
VerBC_RT, BC also had a cooling effect of 0.30 ℃ at the surface (Fig. 11g). Many 497 
studies could hardly simulate the cooling of BC at the surface, which might be caused 498 
by the vertical profiles of BC in the model (Wang et al., 2019).  499 
We further use the difference in temperature between the upper PBL (TH; 256-421 500 
m) and the ground (TL; 0-127 m) (ΔTBC = TH - TL) averaged over 12:00-18:00 LT of 12 501 
and 16-19 December to quantify temperature inversion caused by BC DRE. With hs 502 
values increasing from 0.35 to 0.96, ΔTBC increased from 0.17 to 0.42 ℃, and the ΔTBC 503 
value was 0.51 ℃ in VerBC_RT case (Fig. 12a). As a result, the reductions in PBLH 504 
were larger with higher hs (Fig. 12b). The minimum decrease in PBLH was -31.9 m (-505 
14.3%) with hs value of 0.35 and the maximum decrease was 48.9 m (22.0%) with hs 506 
value of 0.96, as averaged the period of 12:00-18:00 of 12, 16-19 December. In the case 507 
of VerBC_RT, the mean PBLH was reduced by 56.9 m (25.6%) during the period of 508 
12:00–18:00.  509 
5.2 Impacts of BC vertical profiles on PM2.5 concentration 510 
Figure 13a shows the changes in surface-layer PM2.5 concentration caused by BC 511 
DRE with six exponential functions (VerBC_hs1-6 minus NoBCrad) and the transport-512 
dominated vertical profile (VerBC_RT minus NoBCrad) averaged over 12 December 513 
and 16-19 December 2016. From 0:00 to 11:00, the surface-layer PM2.5 exhibited larger 514 
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BC-induced decreases with a higher value of hs. This can be explained by the negative 515 
contribution of TRA process that increased during the period of 0:00-5:00 (Figs. 13b 516 
and 13c) when hs value changed from 0.35 to 0.96. The near-surface PM2.5 517 
concentration was reduced by up to 9.1 μg m-3 (6.2%) and 12.6 μg m-3 (8.6%) at 5:00 518 
with hs values of 0.35 and 0.96, respectively. Compared to the NoBCrad case, the 519 
surface-layer PM2.5 concentrations were reduced by up to 13.8 μg m-3 (9.4%) at 5:00 520 
due to BC DRE in VerBC_RT case. From 12:00 to 18:00, the BC-induced increases in 521 
surface-layer PM2.5 concentrations were larger as hs values are higher; relative to 522 
NoBCrad simulation, the mean PM2.5 concentrations were increased by 5.5 μg m-3 523 
(3.4%) and 7.9 μg m-3 (4.9%) with the hs values of 0.35 and 0.96, respectively. Because 524 
the PBL was suppressed by BC DRE from 12:00 to 15:00, the contributions of VMIX 525 
and CHEM to near-surface PM2.5 were positive and larger in magnitude than the 526 
negative contribution of TRA. The NET of all processes was negative from 16:00 to 527 
18:00 due to the continuous growth of negative contribution of TRA. The negative 528 
contribution of TRA process from 12:00 to 18:00 can be explained by the enhanced 529 
northerlies in the central part of BTH caused by BC DRE, which transported cleaner 530 
air mass into Beijing (Fig S6). From 19:00 to 23:00, the surface-layer PM2.5 531 
concentrations were decreased by BC DRE, which can be explained by the dominant 532 
negative contribution of TRA from 19:00 to 21:00. At 22:00, the reduction in surface-533 
layer PM2.5 was 7.5 μg m-3 (4.0%) when hs value was 0.35 and 6.6 μg m-3 (3.5%) when 534 
hs was 0.96.  535 
6. Conclusions 536 
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In this study, a fully coupled online WRF-Chem model with an improved integrated 537 
process rate (IPR) analysis scheme is employed to investigate the direct radiative effects 538 
(DRE) of BC vertical profiles on meteorology and PM2.5 concentrations during two 539 
severe haze events (11-12 December 2016 and 16-19 December 2016). Compared to 540 
the vertical profiles of BC in Beijing collected by King- Air350 aircraft using SP2, the 541 
default vertical profiles of BC from the WRF-Chem model can capture the decreases 542 
of BC mass concentration with altitude on December 12 and 16-19 when local 543 
emissions dominated, but cannot reproduce the observed maximum mass concentration 544 
of BC around 850-m altitude on December 11 when regional transport of pollutants 545 
dominated. Averaged over the two severe pollution events, the model overestimates BC 546 
mass concentration by 87.4% at the surface but underestimates BC by 33.1% at 1000-547 
m altitude compared with the observations in Beijing.  548 
We carried out simulations with both the default original BC vertical profiles and 549 
the modified vertical profiles using the observations (keep the column burden of BC 550 
from the WRF-Chem but distribute BC mass vertically according to the observed 551 
fractions of BC in individual model layers for each day). Compared with the simulation 552 
with original BC profiles, the warming by BC DRE around 300-m altitude was stronger 553 
with the modified profiles. Accordingly, the BC-induced reductions in PBLH in Beijing 554 
averaged over the two severe haze events were 43.4 m (18.4%) and 55.4 m (23.5%), 555 
respectively, with the original and modified profiles. As a result, relative to the 556 
simulation with the original profiles, the modified profiles of BC led to larger increases 557 
in PM2.5 concentrations by BC DRE. The maximum differences in PM2.5 (VerBC_obs 558 
https://doi.org/10.5194/acp-2021-611
Preprint. Discussion started: 6 September 2021
c© Author(s) 2021. CC BY 4.0 License.
27 
 
minus CTRL) were simulated over central Beijing, which were 9.3 μg m-3 (4.1%) and 559 
5.5 μg m-3 (3.0%) in the first and second haze events, respectively. IPR analysis is used 560 
to explain the changes in PM2.5 concentrations caused by BC DRE. During the two 561 
severe haze events, VMIX and CHEM had the dominant positive contributions to the 562 
changes in surface-layer PM2.5 due to the reductions in PBLH, and TRA had the key 563 
negative contribution to PM2.5 changes. 564 
Seven sensitivity experiments were further carried out to understand the roles of 565 
BC vertical profiles. In six assumed exponential functions (C(h)=C0×e-h/hs) with hs 566 
values of 0.35, 0.48, 0.53, 0.79, 0.82 and 0.96, a larger hs leads to a sharper decline of 567 
BC concentrations with altitude (less BC at the surface and more BC in the upper 568 
atmosphere). In all the cases, the simulated largest warming occurred at altitudes of 569 
256-421 m. With the value of hs gradually increasing, the BC-induced warming in the 570 
afternoon around 300-m altitude became smaller, the maximum warming was 0.42 ℃ 571 
in VerBC_hs1 case (hs=0.35) and the minimum warming was 0.19 ℃ in VerBC_hs6 572 
case (hs=0.96). While BC led to warming of 0.21, 0.08 and 0.04 ℃ at the surface when 573 
hs values were 0.35, 0.48 and 0.53, it led to a significant cooling near the surface (below 574 
80 m) when hs values were 0.79, 0.82 and 0.96, with the changes in temperature by -575 
0.08, -0.09 and -0.13 ℃, respectively. Stronger temperature inversion with higher hs 576 
led to larger BC-induced increases in PM2.5; relative to NoBCrad simulation, the mean 577 
PM2.5 concentrations were increased by 5.5 μg m-3 (3.4%) and 7.9 μg m-3 (4.9%) with 578 
the hs values of 0.35 and 0.96, respectively.  579 
Results from our study highlight the importance of accurate representation of BC 580 
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vertical profiles in models, which alter the radiation balance, BC-PBL interaction, and 581 
hence the simulated PM2.5 concentrations. Due to the limitation of observational data, 582 
this study was focused on the DRE of BC vertical profiles on meteorology and PM2.5 583 
concentration in Beijing during severe haze events. However, the results from this study 584 
should be generally important for understanding severe haze for urban areas.  585 
There are channels for further improvement in near-future research. We distribute 586 
BC mass vertically according to the observed fractions of BC in individual model layers 587 
for each day without considering the hourly variations of BC vertical profiles due to the 588 
lack of data. Such assumed distribution of BC based on observation may not be 589 
consistent with the dynamic processes (winds, temperature, etc.) of the atmosphere. 590 
Further efforts are needed to examine the roles of BC vertical profiles in coupled 591 
chemistry-weather models.  592 
  593 
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Table1. Physical and chemical options for WRF/Chem. 849 
WRF/Chem Model Configuration Description 
Microphysics scheme Lin microphysics scheme (Wiedinmyer et al., 2011) 
Longwave radiation scheme RRTMG scheme (Zhao et al., 2011) 
Shortwave radiation scheme RRTMG scheme (Zhao et al., 2011) 
Gas phase chemistry scheme CBMZ (Zaveri and Peters, 1999) 
Aerosol module MOSAIC (Zaveri et al., 2008) 
Photolysis scheme Fast-J (Wild et al., 2000) 
Boundary layer scheme Yonsei University Scheme(YSU) (Hong et al., 2006) 
Pavement parameterization scheme Noah Land Surface Model scheme 
 850 
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Table 2. Numerical experiments. Y indicates “on”, and N indicates “off”. 852 
Simulations 
BC direct radiative effect (DRE) 
DRE 
Turn on/off 
BC vertical profiles for calculation of DRE 
Types description Modified dates 
CTRL Y Simulated by model No modification 
NoBCrad N Simulated by model No modification 
VerBC_obs Y 
Modified according to intraday 
observations 
11-12 and 16-19 
December  
VerBC_hs1-6 Y 
Modified according to C(h)=C0×e-
h/hs functiona 
12 and 16-19 
December  
VerBC_RT Y 
Modified according to observations 
on 11 December 2016 
12 and 16-19 
December  
a The values of hs in VerBC_hs1, VerBC_hs2, VerBC_hs3, VerBC_hs4, VerBC_hs5 and 853 
VerBC_hs6 are 0.35, 0.48, 0.53, 0.79, 0.82 and 0.96, respectively. 854 
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Table 3. Statistical metrics for temperature at 2 m (T2; ℃), relative humidity at 2 m 856 
(RH2; %), wind speed at 10 m (WS10; m s-1), wind direction at 10 m (WD10, °), PM2.5 857 
(μg m-3), SO2 (ppbv), NO2 (ppbv), CO (ppmv) and O3 (ppbv). 858 
Variables SIMa OBSb Rc MBd NMBe MFBf 
T2 (℃) -0.5 -0.6 0.77 0.1 -17.8 -13.1 
RH2 (%) 52.5 55.8 0.75 -3.4 -6.0 -0.3 
WS10 (m s-1) 1.8 2.3 0.52 -0.5 -20.6 -11.5 
WD10 (°) 165.6 182.0 0.45 -16.4 -9.0 0.7 
PBLH (m) 205.8 174.9 0.72 30.9 17.7 72.9 
PM2.5 (μg m-3) 145.6 132.3 0.77 13.2 10.0 15.7 
SO2 (ppbv) 7.9 7.8 0.38 0.1 0.0 -2.9 
NO2 (ppbv) 47.7 39.2 0.78 8.5 21.6 20.2 
CO (ppmv) 1.8 1.9 0.73 -0.1 -4.9 6.4 
O3 (ppbv) 6.7 6.8 0.66 -0.1 -1.2 -36.0 
a,b SIM and OBS represent the averaged model results and observations in Beijing from 11 to 19 859 
December 2016. 860 
c R is the correlation coefficient which is calculated between hourly observations and simulations 861 






, where OBSi and 862 
SIMi are the hourly observed and simulated data in Beijing and n is the total number of hours. 863 
d MB is the mean bias, MB = 1
n
∗ ∑ SIMi − OBSini=1 . 864 




∗ 100%ni=1 . 865 




∗ 100%ni=1  . 866 
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Figure 1. (a) Two nested domains with grid resolutions of 30 km (d01) and 10 km (d02). 869 




Preprint. Discussion started: 6 September 2021




Figure 2. (a-i) Simulated spatial distributions of PM2.5 concentrations (μg m-3) and 874 
winds (m s-1) at 850 hPa at 2 pm local time from 11 to 19 December 2016. (j) Time 875 
series of simulated daily PM2.5 concentration in Beijing from 11 to 19 December 2016. 876 
Blue and red squares in the first panel denote the Beijing-Tianjin-Hebei and Beijing 877 
region, respectively. 878 
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Figure 3. Time series of the observed (black dots) and simulated (red lines) hourly 881 
concentrations of PM2.5 (μg m-3), NO2 (ppbv), O3 (ppbv), CO (ppmv), SO2 (ppbv) and 882 
BC (μg m-3) in Beijing from 11 to 19 December 2016. 883 
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Figure 4. Observed (black line), simulated (red line) and modified (blue line) BC 886 
vertical profiles in Beijing on 11-12 and 16-19 December 2016.  887 
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Figure 5. The black and red dots are the observed and simulated data of T2 (℃), RH2 890 
(%), PBL height (m), WS10 (m s-1) and WD10 (°) in Beijing from 11 December 2016 891 
to 19 December 2016. 892 
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Figure 6. Comparison of simulated absorption aerosol optical depth (AAOD) at 550 895 
nm with observations in Beijing (116.38°E, 39.98°N) and Xianghe (116.96°E, 39.75°N) 896 
station from 11 to 19 December 2016. 897 
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Figure 7. (a) Simulated hourly vertical profiles of temperature (contour) and PBLH 900 
(red solid line) over Beijing at local time (LT) from 11 December 2016 to 19 December 901 
2016. (b-d) Time series of changes in vertical temperature (contour) and PBLH 902 
(ΔPBLH; red solid line) induced by BC DRE with original (b; CTRL minus NoBCrad) 903 
and modified vertical profiles (c; VerBC_obs minus NoBCrad), and the difference 904 
between the effects of modified and original BC profiles (d; VerBC_obs minus CTRL) 905 
over Beijing region from 11 December 2016 to 19 December 2016.  906 
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Figure 8. The spatial distribution of changes in near-surface PM2.5 concentrations 909 
induced by BC DRE with original (CTRL minus NoBCrad; a1 and a2) and modified 910 
vertical profiles (VerBC_obs minus NoBCrad; b1 and b2), and the difference between 911 
VerBC_obs and CTRL (VerBC_obs minus CTRL; c1 and c2) over Beijing averaged 912 
over the period of 12:00 – 18:00 LT of the two haze events. a1-c1 represent the first 913 
pollution event of 11-12 December 2016 and a2-c2 represent the second pollution event 914 
of 16-19 December 2016. (a3-c3) The daily 6-h contributions of each physical/chemical 915 
process (colored bars, each of which is calculated as the concentration at 18:00 minus 916 
that at 12:00) to the change in PM2.5 in Beijing from 11 December 2016 to 19 December 917 
2016. The black dotted line represents the 6-h net contribution to PM2.5 change by 918 
summing over all processes.  919 
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Figure 9. Vertical profiles of the 6-h contributions of physical/chemical processes 922 
(colored bars; each is calculated as the concentration at 18:00 LT minus that at 12:00 923 
LT) to the changes in PM2.5 induced by BC DRE with original (CTRL minus 924 
NoBCrad; a1 and b1) and modified vertical profiles (VerBC_obs minus NoBCrad; a2 925 
and b2), and the difference between original and modified BC profiles (VerBC_obs 926 
minus CTRL; a3 and b3) over Beijing. The red dotted lines represent the 6-h net 927 
contributions to PM2.5 changes by summing over all processes. 928 
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Figure 10. Vertical profiles of BC concentrations parameterized as six exponential 931 
functions for 12 and 16-19 December 2016. 932 
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Figure 11. Time series of changes in vertical temperature induced by BC DRE with six 934 
exponential functions (VerBC_hs1-6 minus NoBCrad) and one transport-dominated 935 
vertical profile (VerBC_RT minus NoBCrad) averaged over 12 and 16-19 December 936 
2016.  937 
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Figure 12. (a) Variation of ΔTBC caused by BC DRE with increasing hs values averaged 940 
12 and 16-19 December. The black dash line is the linear fit. (b) Time series of changes 941 
in PBLH in Beijing caused by different BC vertical profiles averaged 12 and 16-19 942 
December 2016. 943 
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Figure 13. (a) Time series of the changes in surface-layer PM2.5 in Beijing caused by 946 
BC with six exponential functions (VerBC_hs1-6 minus NoBCrad) and one observed 947 
transport-dominated vertical profile (VerBC_RT minus NoBCrad) averaged 12 and 16-948 
19 December 2016. (b-d) The hourly contributions of each physical/chemical process 949 
to PM2.5 changes caused by BC DRE with two exponential functions (hs=0.35 and 0.96) 950 
and one transport-dominated vertical profile. 951 
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